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Abstract

The thermal stability of multiphase intermetallics at temperatures to 1400°C was
investigated by studying two model eutectic systems: Cr-Cr3Si having a lamellar
microstructure and NiAl-Mo having a fibrous microstructure. In drop cast Cr-Cr3Si,
coarsening was found to be interface controlled. The coarsening rate could be
significantly reduced by microalloying with Ce and Re, two elements which were chosen
because they were expected to segregate to the Cr-Cr3Si interfaces and decrease their
energies. Similarly, directional solidification, which is also expected to lower the CrCr3Si interfacial energy, was found to dramatically decrease the coarsening rate. In the
case of NiAl-Mo, coarsening was found to occur by fault migration and annihilation.
Microalloying with B was found to significantly decrease the coarsening rate. The fiber
density in the B-doped alloy was smaller than in the undoped alloy, suggesting that B
affects the coarsening rate by lowering the fault density. X-ray energy dispersive
spectroscopy (XEDS) analysis of Ce doped drop cast Cr-Cr3Si showed that Ce is present
at the Cr/Cr3Si interface. XEDS analysis of Re doped Cr-Cr3Si and EELS analysis of B
doped NiAl-Mo were inconclusive.
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Part One: Introduction
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The intermetallic compounds Cr3Si and NiAl possess several desirable properties
for high temperature applications. Cr3Si has a high melting point (1770°C), good
oxidation resistance, relatively low density (~ 6.5 gm/cm3), high strength, and hardness
[1-8], and NiAl has a high melting point (1638°C), good oxidation resistance, relatively
low density (~8 gm/cm3), and high thermal conductivity (>6 W/m/K) [9-15]. However,
their use for structural applications is limited by their intrinsic brittleness and low fracture
toughness at room temperature. The intermetallic compound NiAl also has low strength
and creep resistance at temperatures above 600°C. Their intrinsic brittleness is due to
insufficient number of slip systems. To overcome these drawbacks, ductile phase
toughened Cr3Si [16-23] and NiAl [24-35] are being considered as possible candidates
for high temperature applications.
One ductile phase toughened composites is in-situ composites in which the
reinforcing phase is synthesized during composite fabrication. The processes for
producing in-situ composites are classified as solid state and liquid state processes based
on whether the reinforcing phase is produced in the solid state or in the liquid state [36].
Solid-state processes include internal oxidation [37], displacement reaction [38], reactive
milling [39], mechanical alloying [40], and cryo-milling [41]. Liquid state processes are
conventional casting (drop casting), directional solidification and rapid-solidification [4246] of eutectic alloys. In this study we will consider the eutectic systems Cr-Cr3Si and
NiAl-Mo produced by liquid state processing (conventional casting and directional
solidification).
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1.1 Morphology of eutectic alloys
The individual phases in a eutectic alloy can solidify with non-faceted or faceted
interfaces depending on whether the solid-liquid interface is atomically rough or smooth.
The nature of the solid-liquid interface of a material can be determined by using the !
factor, which is related to the entropy of solid solution by equation (1-1)

!=

L0 # " &
# "&
%$ (' ! )Sss %$ ('
kTE v
v

(1-1)

where L0 is the latent heat of fusion of solid solution, TE is the eutectic temperature,

! / v is the fraction of nearest neighbors of an atom which are on the same plane as the
solid/liquid interface, k is the Boltzmann constant and !Sss is the entropy of fusion of the
solid solution.
Equation (1-1) was formulated by Taylor [47] for growth of materials from
solution and is identical to that obtained by Jackson [48] for growth of pure materials in
contact with a liquid. In the case of pure materials, L0 is the latent heat of fusion, the
eutectic temperature TE is replaced by Tm (melting point of the pure metal), and entropy
of fusion of the material is used instead of entropy of fusion of solid solution. Using
statistical mechanical analysis, Jackson showed that for pure materials faceting occurs if

! > 2 , and the solid-liquid interface is atomically smooth and advances into the liquid by
the propagation of atomic steps across the interface. This process requires considerable
kinetic under-cooling, as the formation of a new surface layer must be preceded by the
nucleation of a cluster of atoms exceeding a critical size. When the solid-liquid interface
is atomically rough ( ! < 2 ), many sites are readily and continuously available for atomic
attachment during growth. Such an interface advances normal to itself requiring very
3

little kinetic under-cooling, and fast enough for other factors to limit the growth, resulting
in a non-faceted morphology. Because of the difficulty in calculating the orientation term

! / v for complex structures encountered in intermetallic compounds, the entropy of
solution is used to predict faceting behavior for growth from solution. Based on a survey
of microstructural observations on many eutectic systems, Crocker et al. [49-52]
concluded that a value of 23 J/K/mol for the entropy of solid solution can be used to
indicate a transition from non-faceting to faceting behavior. However, this criterion
should be used with caution to predict faceting behavior when crystallographic data are
not available, especially in systems with only one close packed plane. Kerr and Lewis
[53] have pointed this out in the Bi-Zn system, in which the Zn phase is expected to facet
if the basal plane forms the interface but the crystallography is such that the interface is
always a non-basal plane and the Zn phase solidifies in a non-faceted manner.
The microstructures of eutectic alloys solidifying with non-faceted solid-liquid
interfaces are called normal structures and those solidifying with faceted solid-liquid
interfaces are called anomalous structures. Normal/anomalous structures occur in systems
with symmetrical/asymmetrical phase diagram about the eutectic point. In this study we
focus on normal structures, which are further classified into lamellar or fibrous (rod)
microstructures.
1.2 Effect of solidification conditions on the microstructure of directionally solidified
eutectic alloys
As mentioned earlier, the phases in a normal eutectic alloy have low entropy of
solution and hence the solid-liquid interface is rough. Because this type of interface
requires almost no kinetic under-cooling, the two phases grow co-operatively at an
4

approximately isothermal interface. Lamellar or fibrous structures are formed under
these conditions because they offer short diffusion paths for solute movement during
growth. The morphology of these structures is shown in Fig.1-1. In the lamellar structure,
the two phases are arranged alternatively in a regular fashion over large distances. In the
fibrous structure the minor phase (fibers) is distributed in the matrix and its cross section
can be polygonal. The type of microstructure (lamellar/fibrous) that a normal eutectic
alloy exhibits depends on the volume fraction of the constituent phases, solidification
conditions and also on the anisotropy of interfacial energy. For a particular spacing, the
total solid-solid interfacial area increases rapidly with increase in volume fraction ( V f )
for the rod structure, but is independent of volume fraction for the lamellar structure.
Using geometrical arguments and assuming isotropic interfacial energy one can show that
a lamellar morphology is favored for V f > 0.28. When the interfacial energy is
anisotropic, however, a lamellar morphology is stable even for volume fractions smaller
than 0.28 [54].
The spacing between the lamellae or fibers is a result of two competing
tendencies. On the one hand, to minimize the solid-solid interfacial area and hence the
total interfacial free energy per unit volume, the inter-phase spacing should be as large as
possible. On the other hand, to minimize the diffusion distance in the liquid the spacing
should be as small as possible. Jackson and Hunt [55] obtained the following equation
relating inter-phase spacing to growth rate (eq. 1-2) for steady state growth conditions

!2 R =

a
= constant
Q

5

(1-2)

λ

λ

(a)

(b)

Figure 1-1. Schematic representations of (a) lamellar and (b) fibrous structure

where ! is the inter-lamellar (inter-rod) spacing, R is the growth rate, a and Q are
material constants and are related to the magnitude of the liquidus slopes at the eutectic
temperature, solid-liquid interfacial energy of the individual phases, composition
difference between the phases, their volume fractions and diffusion coefficient.
The effect of convection, which is present during directional solidification, on the
eutectic spacing was first determined by Quenisset et al. [56,57] who obtained the
following equation for a system in which the volume fractions (Vf) of the two eutectic
phases are the same i.e. Vf = 0.5:

!2 R =

A
1" BGu!2 /D
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(1-3)

where Gu is the gradient flow velocity, A and B are constants, and D is the solution
diffusion coefficient. Baskaran and Wilcox [58] and Chandrasekhar et al. [59] extended
the analysis to alloys in which the eutectic phases have significantly different volume
fractions and obtained the following result:

!
= 1 + A'" 02 for V f = 0.1# 0.5
!0

(1-4)

where ! 0 = Gu " 2 / D , and ! 0 is the interphase spacing in the absence of convection, and

A' is a constant. Since Gu is proportional to the rotation speed [60], the above equations
predict that interphase spacing increases with increasing rotation speed, which has been
verified by Quenisset et al. [61] and Bei et al. [22].
1.3 Microstructure and mechanical properties of lamellar structures: Cr-Cr3Si
The phase diagram of the binary Cr-Si [62] system is shown in Fig. 1-2. The effect of
composition in the range 13 -17 at.% Si (all compositions henceforth are in at.% unless
otherwise noted) on the microstructure was studied by Bei et al. [20]. According to the
phase diagram a fully eutectic microstructure should be obtained at 15% Si. But a fully
eutectic structure was obtained only at 16.05% Si in drop cast specimens (Fig.1-3). For
all other compositions in the range indicated above, the microstructure contained of a
pro-eutectic phase (either the Cr-solid solution or the Cr3Si intermetallic). These
observations suggest that the phase diagram is incorrect. When the drop cast alloys were
subsequently directionally solidified, a fully lamellar microstructure was obtained by
only at 84.05% Cr- 15.95% Si [22]. Compared to the eutectic composition, this is a
slightly higher Cr concentration because of its high vapor pressure, which causes it to
referentially evaporate during directional solidification. A directionally solidified
7

Figure 1-2. Cr-Si phase diagram [62].
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Figure 1-3. Microstructure of drop cast Cr-16.05% Si [20].

microstructure produced at a growth rate of 40 mm/h and rotation rate of 60 rpm is shown
in Fig. 1-4. The effect of growth rate on the microstructure of directionally solidified Cr15.95% Si was studied by Bei et al. [22]. Figure 1-5 shows the inter-lamellar spacing for
various growth speeds at a rotation speed of 60 rpm [22]. The inter-lamellar spacing
varies inversely as the square root of the growth rate consistent with Jackson and Hunt’s
theory (eq. 1-2).

9

Figure 1-4. Microstructure of directionally solidified Cr-15.95% Si grown at 40 mm/h
and 60 rpm.
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Figure 1-5. Effect of growth rate on the lamellar spacing in directionally solidified CrCr3Si eutectic alloy at a fixed rotation speed of 60 rpm [22].
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Figure 1-6 compares the fracture toughness of Cr-Cr3Si composites grown at
different solidification rates with those of single crystal Cr3Si and single crystal Cr [63].
The fracture toughness of the composite is higher than that of single crystal Cr3Si and its
toughness increases slightly with decreasing inter-lamellar spacing suggesting that the
Cr/Cr3Si interface retards crack growth. The retardation of crack growth by interfaces can
be accomplished by processes such as interfacial de-bonding, pull out of the de-bonded
lamellae, and crack bridging [64-65]. The drop cast specimens have higher fracture
toughness because of their finer structure due to faster cooling rates.
1.4 Microstructure and mechanical properties of fibrous structure: NiAl-Mo
A portion of the phase diagram for the ternary (pseudo binary) system NiAl-Mo is
shown in Fig. 1-7. The eutectic reaction in the phase diagram occurs close to 10% Mo but
a perfect eutectic microstructure was obtained by Bei and George [34] at 9% Mo (Fig. 18). The volume fraction of Mo fibers is about 0.141 and their arrangement in the NiAl
matrix is hexagonal because the diffusion distance is smallest for this configuration. The
composite NiAl-9% Mo alloy exhibits well-aligned fibrous structure at this composition
when directionally solidified at different growth speeds. The inter-rod spacing in NiAlMo varies inversely as the square root of growth rate as shown in Fig. 1-9 consistent with
Jackson and Hunt’s theory (eq. 1-2). A comparison of the mechanical properties of the
directionally solidified NiAl-Mo composite grown at 80 mm/h, and a single crystal {100}
NiAl having the same composition is shown in Fig. 1-10. The tensile direction is parallel
to the growth direction.The composite exhibits no ductility at room temperature and
fractures in a in a brittle manner. The ductile to brittle transition temperature of the

12
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Figure 1-7. NiAl-Mo ternary phase diagram [66].
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Figure 1-8. Microstructure of directionally solidified NiAl-9%Mo grown at 40 mm/h
and 60 rpm [34].
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composite is between 650°C and 700°C as there is a sharp increase in ductility from 4%
to 25%. This temperature is lower than that of single crystal {100} NiAl having the same
composition as the matrix, but higher than that of stoichiometric {100} NiAl [12] single
crystal. The composite NiAl-Mo also has higher yield strength and fracture toughness
[35] as compared to the single crystal NiAl.
1.5 Microstructural degradation in eutectic alloys
Since the mechanical properties of a material depend on its microstructure, it is
important to minimize microstructural degradation during exposure at elevated
temperatures. Coarsening of a eutectic microstructure occurs to minimize the total
interfacial free energy. Various mechanisms by which a eutectic microstructure can
coarsen are described in the following sections.
1.6 Coarsening of drop cast lamellar structures
Because of the random (isotropic) [67] nature of the drop cast eutectic
microstructure, coarsening can be studied using the statistical self-similarity hypothesis
[68]:

< l > m ! < l0 > m = Kt

(1-5)

where < l > is the average value of a linear parameter of the system at time t , and < l0 > is
its initial value, i.e. at t = 0 , and K is the rate constant. The value of the exponent m
determines the rate-controlling step during coarsening. Coarsening is interface controlled
if m = 2and diffusion controlled if m = 3. Equation 1-5 is identical to that formulated by
Lifshitz and Slyozov [69] and Wagner [70] for Ostwald ripening assuming small volume
fraction, spherical geometry, and mean field approximation. Equation 1-5 can be used to
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describe coarsening of any system whose successive configurations are statistically selfsimilar (SSS) e.g. 3-D coarsening (section 1.8.1), in which case the LSW assumptions are
not needed. The SSS hypothesis is applicable to systems in which (a) surface diffusion or
internal diffusion is negligible, (b) surface diffusion is fast enough that the shape of the
particles is geometrically similar to the equilibrium shape, i.e. Ds >> D( l a 0 ) where Ds is
the diffusion coefficient of the particle/solute in the matrix/particle interface, D is the
diffusion coefficient in the matrix, l is a linear dimension of the particle size and a0 is the
thickness of the interface.
For coarsening driven by interfacial free energy reduction the linear parameter
<l> can be taken as 1/SV [71], where SV is the surface area per unit volume and can be
computed using Smith and Guttman’s [72] relation:
SV = 2N L

(1-6)

where NL is the average number of interfaces intersected per unit length.
1.7 Coarsening of directionally solidified lamellar structures
A directionally solidified lamellar eutectic alloy can coarsen by (a) continuous coarsening
(termination migration and annihilation) and (b) discontinuous coarsening.
1.7.1 Continuous coarsening
Continuous coarsening (termination migration and annihilation) occurs due to the
presence of terminations (‘A’ in Fig. 1-11) in the directionally solidified structure. In the
continuous coarsening mechanism, diffusion is driven by the difference in chemical
potential of two lamellae having different curvatures:

# 1 1&
µ A ! µ B = "Vm % ! (
$ rA rB '
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(1-7)

Figure 1-11. Schematic representation of continuous coarsening (termination migration
and annihilation) of lamellae.

where µA and µB are the chemical potentials at points A and B whose radii of curvature
are, rA and rB, ! is the interfacial energy, and Vm is the molar volume of the coarsening
phase. In Fig.1-11 the chemical potential at point A is higher because of its positive
curvature as compared to point B where the curvature is negative causing diffusion to
take place from A to B.
The kinetics of coarsening for this mechanism were first analyzed by Graham and
Kraft [67] and later by Cline [73] who taking fault annihilation into consideration and
obtained the following equation:
2

" !t %
$ ' = 1 + Kt
# !0 &
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(1-8)

where !t is the interlamellar spacing after time t , !0 is the intial lamellar spacing, K is
the rate constant which is a function of initial fault density and initial interlamellar
spacing. Equation 1-8 has not been verified experimentally.
1.7.2 Discontinuous coarsening
Discontinuous coarsening occurs by the migration of a grain boundary due to a
net force exerted on it by the intersecting interfaces and involves consumption of the
original lamellae by grains with wider lamellae. This is illustrated in Fig. 12, where on
one side of the grain boundary the interlamellar spacing is ! 1 and on the other side it is
! 2 . The driving force ( !GV ) for coarsening is provided by the reduction in free energy

per unit volume due to the formation of coarser lamellae:

%1 1(
!GV = 2" ' $ *
& #1 # 2 )

(1-9).

Cahn and Livingston [74] treated the problem analytically and obtained the
following equation relating grain boundary velocity (V) and interlamellar spacing λ2 (two
unknowns in one equation):
V=

& Db$ ) & ,v )
8Ceb
"1
+(
+ (1" r )
2 2 (
(C! " C# ) f# f ! ' %22 * ' %1RT *

(1-10)

where Ceb is the equilibrium boundary concentration in the absence of curvature, Db is
boundary diffusion coefficient, δ is the boundary thickness, v is the molar volume, R is
the gas constant, T is the temperature, λ1 is the initial interlamellar spacing, the difference
Cβ - Cα is the concentration difference across the interphase boundary, fα and fβ are the
volume fractions of the eutectic phases, and r (= λ2/λ1) is the coarsening ratio. A second
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V-Grain
boundary velocity

Figure 1-12. Schematic representation of discontinuous coarsening of lamellae.

second relation between V and λ2 derived using extremum principles, predicted values of
r smaller than the observed experimental results. Because of no experimentally verifiable
theory, discontinuous coarsening is represented in terms of coarsening ratio r=λ2/λ1.
1.8 Coarsening of directionally solidified fibrous eutectics
1.8.1 Ostwald ripening
Coarsening of spherical particles distributed in a matrix in a three dimensional (3D) diffusion field is known as Ostwald ripening (3-D coarsening). Figure 1-13 shows
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Figure 1-13. Schematic representation of Ostwald ripening.

schematically the Ostwald ripening process. The driving force for diffusion is given by
the Gibbs-Thomson equation [75]:

µ ( r) ! µ (") =

2Vm#
r

(1-11)

where µ ( r ) is the chemical potential of a spherical particle of radius r, µ ( ! ) is the
chemical potential of a flat surface, Vm is the molar volume, and ! is the isotropic
interfacial energy per unit area. From eq. 1-11 it is evident that the chemical potential of a
smaller particle is higher than that of a bigger particle. Hence diffusion occurs from a
particle of smaller radius to that of a bigger radius. Eventually all the mass of a smaller
particle is transported to a bigger particle and the number of particles decreases.
The kinetics of 3-D coarsening is given by:

< r > m ! < r0 > m = Kt
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(1-5)

where < r > is the average radius of particles at time t and < r0 > is the average radius of
particles at the onset of coarsening ( t = 0 ).
In a directionally solidified eutectic alloy, the as-grown morphology of the phases
is non-spherical. For Ostwald ripening to occur the discontinuous phase must first break
down into a row of spheres. This can occur by a process known as Rayleigh instability
which is described in the next section.
1.8.2 Rayleigh instability
Rayleigh instability refers to the break up of a cylindrical column of infinite
length into a row of spheres (Fig. 1-14) and was studied by Lord Rayleigh [76] in
connection with the instability of fluid jets. For isotropic interfacial energy, an infinite
cylinder is an unstable shape. It degrades into a row of spheres under the action of
capillary forces to minimize the surface area, provided fluctuations are present on its
surface. The condition for such a process to occur is λ ≥ 2πR, where λ is the wavelength
of perturbation and R is the initial radius of the cylinder. When this condition is satisfied,
the curvature at point A (Fig. 1-14) is greater than that at B and the driving force for
diffusion is given by eq. 1-5. Rayleigh estimated the wavelength at which the rate of
spherodization is a maximum to be ~9R.
Following experimental observations of spherodization of fibers in the FeS-Fe
eutectic [77], Cline [73] analyzed the conditions for which spherodization of fibers would
occur in metallic systems through volume diffusion. The minimum wavelength required
for break up was found to be the same as that obtained by Rayleigh for surface diffusion.
The wavelength at which spherodization occurs at a maximum rate λmax was found to be
14R for an isolated rod and increased with increasing volume fraction of the fiber. This
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Figure 1-14. Schematic representation of Rayleigh instability.

value is different from that obtained by Rayleigh (~9R) probably because of diffusion
through the matrix. Also, if the volume fraction of the particles is greater than 0.2, then

λmax is infinite and two dimensional coarsening (2-D coarsening) will dominate rather
than Rayleigh instability.
1.8.3 Two dimensional (2-D) coarsening
When the volume fraction is greater than 0.2, λmax is infinite and the thickness of
the fibers remains almost uniform along the length and they maintain their initial shape.
If there is an initial distribution of fiber radii, fibers of smaller radius will dissolve due to
greater chemical potential and those with larger radius will grow. In this respect it is very
similar to 3-D coarsening (see Fig. 1-13). However, the fiber radius distribution does not
attain a steady state until the fibers start disappearing [73]. Because the successive shapes
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are self-similar the coarsening kinetics can be described by eq. 1-9 with t = 0 as the time
at which the number of fibers starts decreasing.
1.8.4 Fault migration and annihilation
Another possible mechanism of coarsening in fiber eutectics is fault migration
and annihilation. Figure 1-15a shows schematically a common fault in fibrous eutectics
consisting of a termination and a branch. The chemical potential of the fiber at a
termination (terminations are assumed to be spherical in shape) is higher due to its larger
curvature (2/R) than anywhere else on the fiber (Gibbs-Thomson equation). Therefore,
terminations act as source of material for diffusion and material is transported to
neighboring fibers by volume diffusion or to the branch by surface diffusion. As a result,
the length of the fault (distance between a termination and branch) decreases (Fig. 1-15b)
and eventually the fault annihilates i.e. termination and branch merge together (Fig. 115c). The coarsening rate of fiber eutectics by this mechanism is determined by plotting
the average fiber density (number of fibers intersecting a cross section per unit area) as a
function of time. The differential equation describing the kinetics of coarsening by this
mechanism for a random distribution of faults, was obtained by Nakagawa and Heatherly
[78]:

!N
$ "t & N " NT
= "kNn 0 exp
"
%#'
!t
#
N=N0, t= 0
N=NT , t= ∞
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(1-12)

Figure 1-15. Schematic representation of fault migration and annihilation of fibrous
eutectics.

where N is the number of fibers intersecting a transverse section after annealing for time

t , N T is the number of continuous fibers, n0 is the initial density of faults which depends
on the growth conditions, and ! is the relaxation time. Equation 1-12 in general predicts
an exponential decay of the number of rods. However, if N >> NT and τ is a variable,
then N0/N = (1+ kt)2 which happens for high growth rates.
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Part Two: Experimental Procedures
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2.1 Alloy preparation
The alloys Cr - 15.95% Si (Cr-Cr3Si), Cr - 15.95% Si-0.05% Re (Cr-Cr3Si+Re),
Cr - 15.94% Si - 0.01% Ce (Cr-Cr3Si+Ce) were arc melted five times, and the alloys Ni 45.5% Al - 9% Mo (NiAl-Mo), Ni - 45.445% Al - 9% Mo – 0.01% B (NiAl-Mo+B) were
arc melted twenty five times, in argon atmosphere to ensure uniform mixing and drop
cast in a cylindrical copper mould of 10 mm in diameter and 120 mm in length. The
starting materials (> 99.995% pure) were carefully weighed before mixing and drop
casting. The weight losses were measured after arc melting and drop casting and found to
be negligible (< 0.1%). Therefore all compositions are assumed to be the aim
compositions (at. %) unless other wise stated.
2.2 Directional solidification
The drop cast alloys of Cr-Cr3Si, NiAl-Mo and NiAl-Mo+B were directionally
solidified in an optical floating zone furnace (Fig. 2-1) in flowing argon gas. The drop
cast rods were used as the feed material and pieces cut from directionally solidified
material was used as the seed. To obtain a homogeneous molten zone, the seed and the
feed rod were rotated in opposite directions. A stable molten zone was maintained by
adjusting the power of the lamp as needed. The length of the molten zone varies from
system to system and is higher in the case of materials with high viscosity. The
temperature gradient in the molten zone for this floating zone furnace has been reported
to be about 250 - 300°C cm-1 [1]. The alloys Cr- Cr3Si and NiAl-Mo were grown at 40
mm/h and 60 rpm. To study the effect of B and growth velocity on the microstructure of
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Figure 2-1. High temperature xenon arc lamp optical floating zone furnace [1].
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NiAl-Mo, the alloy NiAl-Mo+B was directionally solidified at 20, 30, 40, 50, 60 mm/h
and 60 rpm.
2.3 Specimen preparation, annealing, and metallography
Specimens of thickness 0.0025 m were cut from the drop cast and directionally
solidified alloys by electric discharge machining. Specimens of the drop cast alloys of CrCr3Si, Cr-Cr3Si+Re, and Cr-Cr3Si+Ce were annealed at 1200°C, and that of directionally
solidified Cr-Cr3Si were annealed at 1400°C in air. Directionally solidified NiAl-Mo and
NiAl-Mo+B specimens were annealed at 1400°C in vacuum (2 ×10-5 torr).
The annealed specimens were mounted in epoxy and ground through 600 grit SiC
paper and then polished on a “vibromet” polishing machine through 0.5 µm Al2O3. The
polished samples of the Cr-Cr3Si system were etched with Marukami’s solution (1 part
10% KOH and 1 part 10% K3Fe(CN)6) and those of NiAl-Mo system with 80% HCl and
20% HNO3. The etched specimens of the Cr-Cr3Si system were examined by optical
microscope and those of the NiAl-Mo system by XL 30 FEG scanning electron
microscope.
2.4 Orientation relation between the eutectic phases
Electron back scatter diffraction patterns were acquired in a FEI XL 30 FEG
scanning electron microscope using an accelerating voltage of 20 kV and a working
distance of 20 mm. Patterns from individual phases were recorded and indexed. The
Kikuchi-line patterns were automatically indexed by OIM ANALYSIS package.
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2.5 Specimen preparation for XEDS and EELS
A disc 250 µm thick was cut from the drop cast Cr-Cr3Si+Re, Cr-Cr3Si+Ce and
directionally solidified NiAl-Mo+B rods by electric discharge machining. They were then
ground on 400 and 600 grit SiC papers until the thickness was reduced to about 100 µm
and then polished on a 2000 grit SiC paper. Further thinning of the specimen achieved by
making a hole 3 mm in diameter using twin jet polishing machine. The region near the
hole is transparent enough for the sample to be analyzed using TEM. The electrolytes
used are 72% methanol and 15% sulphuric acid for the Cr-Cr3Si+Re and Cr-Cr3Si+Ce
alloys and 12% H20, 70% ethanol, 10% butoxyethanol and 7.8% perchloric acid for the
NiAl-Mo+B alloy. A CM 200 transmission electron microscope equipped with Si (Li)
detector and magnetic prism spectrometer was used to acquire XEDS spectrum of CrCr3Si+Re and Cr-Cr3Si+Ce alloys and EELS spectrum of NAMB alloy, at an operating
voltage of 200 kV and a beam size of 5 nm.
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Part Three: Coarsening of Drop Cast Cr-Cr3Si Lamellar Eutectic Alloys
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3.1 Microstructure of drop cast Cr-Cr3Si lamellar eutectic alloys
Typical microstructures of the drop cast Cr-Cr3Si, Cr-Cr3Si+Re, and Cr-Cr3Si+Ce
alloys are shown in Fig. 3-1a, c and e respectively. The eutectic phases in drop cast alloys
exhibit both plate and irregular morphology because of non-planar solidification front
during ingot casting (heat flows along the radial and longitudinal directions of the ingot).
The light phase is Cr solid solution and the dark phase is Cr3Si. Small amounts of
primary Cr solid solution (~ 0.005 %) were present in the drop cast microstructure. All
coarsening measurements were done within the two-phase eutectic region. The volume
fraction of the Cr3Si phase in the eutectic region is ~ 0.62 in the drop cast alloys and is
the same as that reported by Bei et al [1]. EBSD analysis showed that there was no
specific orientation relationship between the eutectic phases in the drop cast alloys.
3.2 Coarsening of drop cast Cr-Cr3Si lamellar eutectic alloys
Upon annealing the drop cast microstructure coarsened with time to minimize the
total interfacial free energy per unit volume. Microstructures of the Cr-Cr3Si, CrCr3Si+Re, and Cr-Cr3Si+Ce alloys after annealing at 1200°C are shown in Fig. 3-1b, d, f.
Microstructural degradation (coarsening) is faster in regions where the eutectic phases
exhibit irregular morphology as compared to the regions with plate morphologies
consistent with the notion suggests that coarsening is driven by curvature. To quantify
coarsening, and also to determine the rate-controlling step, these alloys were assumed to
be statistically self-similar (SSS) i.e. consecutive configurations are geometrically similar
in a statistical sense.
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Figure 3-1. Microstructure of drop cast specimens. Before annealing: a - Cr-Cr3Si, c Cr-Cr3Si+Re, and e - Cr-Cr3Si+Ce. After annealing at1200˚C for 169 h: b - Cr-Cr3S, d Cr-Cr3Si+Re, and f - Cr-Cr3Si+Ce.
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As discussed in chapter one the time dependence of a linear parameter l of the system
could be written as:

l

m

! l0m = Kt

(3-1)

where K is a rate constant, t is time, l0 is the value of l before annealing (i.e. t = 0 h) and
the value of exponent m determines the rate controlling step; m = 2 if coarsening is
interface controlled whereas m = 3 for diffusion controlled coarsening. Since coarsening
in the Cr-Cr3Si, Cr-Cr3Si+Re, Cr-Cr3Si+Ce alloys is driven by interfacial free energy, the
linear parameter l can be taken to be equal to V/S [5], where V is the volume of the
system with total interfacial area S. V/S is related to NL - the average number of
intersections per unit length, by the Smith and Guttman [6] formula (eq. 3-2).

V
1
=
S
2 NL

(3-2)

Following Graham and Kraft [7] the drop cast microstructure was assumed to be isotropic
and NL for each configuration was calculated with the help of equation (3-3), where N1
and N2 are the average number of intersections measured along two perpendicular
directions on a transverse section of the drop cast alloys.

N L = (N1 + N 2 ) / 2

(3-3).

Figure 3-2 show a straight-line plot of l2 vs t consistent with eq. 3-1. The value of
exponent m (=2) was determined from the slope of l vs t plotted on a log-log scale. The
following conclusions can be drawn from Fig. 3-2: (1) coarsening is interface controlled
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the as-cast condition and (3) Ce is more effective than Re in decreasing the rate constant,
K. The smaller inter-lamellar spacing in as-cast Cr-Cr3Si+Ce and Cr-Cr3Si+Re alloy
means that the total interfacial area per unit volume and hence the total interfacial free
energy per unit volume (the driving force for microstructural degradation) is higher in
these alloys compared to the as-cast CS alloy. But, since the observed coarsening rates of
Cr-Cr3Si+Ce and Cr-Cr3Si+Re alloy are smaller than that of the Cr-Cr3Si alloy, it can be
concluded that Ce and Re decrease the total driving force for coarsening. Possible ways
in which this may be accomplished include (1) decreasing the total interfacial free energy
by segregating to the interfaces and (2) decreasing the residual stresses in the drop cast
alloys.
3.3 Conclusion
Coarsening in drop cast Cr-Cr3Si eutectic alloys at 1200ْ C is interface controlled.
Cerium is more effective than Re in increasing the thermal stability of drop cast alloys.
The coarsening rate of Cr-Cr3Si+Re and Cr-Cr3Si+Ce alloys is smaller due to (1)
decrease in total interfacial free energy probably due to segregation of Ce and Re to the
Cr/Cr3Si interfaces and or (2) smaller residual stresses than the drop cast Cr-Cr3Si alloy.
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Part Four: Thermal Stability of Directionally Solidified Cr- Cr3Si Lamellar
Eutectic Alloy
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The geometry of a directionally solidified lamellar eutectic alloy is inherently
stable with respect to perturbations along the length of the plates [1], owing to the
absence of a primary radius (i.e. radius of the unperturbed shape). This can be explained
with the Gibbs-Thomson equation
$1

1'
2(

µi (r) ! µi (") = 2# Vi & + )
r r
%

1

(4-1)

where r1 and r2 are the two principal radii of curvature, Vi is the molar volume of species i,

! is the interfacial energy per unit area, µi (r) is the chemical potential of species i when
the surface has a net radius of curvature r, and µi (!) is the chemical potential of species i
on a flat surface. For a lamellar structure, r1 and r2 are infinite. When a perturbation is
present on a flat surface, r1 is still zero and r2 could be positive or negative depending on
whether the surface is convex or concave. Because the chemical potential of the
perturbed region is different from the neighboring flat region, diffusion will take place to
or from the perturbed region depending up on whether the surface assumes a concave or
convex shape at the perturbation. In either case, though, the perturbation is unstable and
will flatten with time.
Despite their inherent stability, many investigators [2-12] have reported that
lamellar eutectics undergo coarsening and shape degradation. These instabilities occur
due to the presence of microstructural defects namely terminations and grain boundaries
(colony boundaries). At these defects the morphology is non-planar and growth of
perturbation is driven by capillary forces.
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4.1 Microstructure and crystallography of directionally solidified Cr-Cr3Si
Figure 4-1 shows well-aligned lamellar microstructure of Cr-Cr3Si obtained by
directional solidification at 40 mm/h and 60 rpm. The growth direction of Cr is <111>
and that of Cr3Si is <100> and the orientation relationship between Cr(Si) and Cr3Si is
!!

!

(001)Cr3 Si //(011)Cr and (011)Cr3 Si //(12 3)Cr (Bei et al. [13]). A termination (growth fault)
and a fault plane in the directionally solidified Cr-Cr3Si alloy is shown in Fig. 4-1a.
Terminations, in directionally solidified eutectic alloys, are formed during solidification
to maintain a constant inter-lamellar spacing at a given growth rate (unpublished work of
Jackson and Chalmers reported in ref. [14]). The average inter-lamellar spacing,
measured on a transverse section, is about 3.5 µm, which is larger than that of drop cast
alloys (section 3.2) due to the slower solidification rate. As a result, the directionally
solidified alloy has a lower total interfacial free energy than the drop cast alloys. The
discontinuous phase in the directionally solidified Cr-Cr3Si alloy is Cr3Si even though its
volume fraction (~ 0.62) is higher than that of the Cr(Si) solid solution. Therefore,
coarsening and shape instabilities in directionally solidified Cr-Cr3Si alloys are studied
with respect to the Cr3Si phase.
4.2 Coarsening of directionally solidified Cr-Cr3Si
Coarsening of aligned lamellar eutectics can occur by (1) continuous coarsening
(termination migration and annihilation) [2] and or (2) discontinuous coarsening [8].
Continuous coarsening occurs by diffusion of material in the matrix between a
termination and neighboring lamellae with smaller curvature. The driving force for
diffusion is provided by the curvature difference between them. Discontinuous
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Figure 4-1. Microstructure of directionally solidified Cr-Cr3Si grown at 40 mm/h and 60
rpm (a) transverse section (b) longitudinal section.

coarsening occurs by migration of grain boundaries into an adjacent grain. Initiation sites
for discontinuous coarsening can be colony boundaries, which under the influence of (a)
capillary forces (b) chemical driving force, because of non- equilibrium volume fraction,
leave behind coarser lamellar structure (Fig. 1-12) with increased lamellar spacing.
The microstructure of the directionally solidified Cr-Cr3Si alloy after
annealing at 1400°C is shown in Fig. 4-2. A plot of average lamellar spacing measured as
a function of time is shown in Fig. 4-3. Almost no coarsening occurred at times to 289 h.
A careful examination of the microstructure, however, reveals that there were localized
50

Figure 4-2. Transverse sections of directionally solidified Cr-Cr3Si after annealing at
1400°C (a) 100 h (b) 144 h (c) 225 h (d) 289 h.
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Figure 4-3. Inter-lamellar spacing as a function of annealing time of directionally
solidified Cr-Cr3Si alloy at 1400°C. No significant coarsening occurred during annealing.
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areas where coarsening did occur. Figure 4-4 shows such an area where a plate adjacent
to a termination is locally thicker. This suggests that continuous coarsening (termination
migration and annihilation, Fig 1-11) is an operative mechanism of coarsening in the
directionally solidified Cr-Cr3Si alloy at 1400°C. However, the presence of a termination
defect alone does not guarantee coarsening. Material transport from a termination takes
place only when the neighboring plate is capable of acting as a sink (i.e. has the right
curvature). This is illustrated in Fig. 4-4. Material transport takes place from region A to
B but not from C to D (or D to C) because the latter have positive curvatures with
opposing diffusion fields. Discontinuous coarsening, which originates at a grain boundary
and results in a coarser lamellae on one side of the grain boundary while the lamellar
spacing on the other side is unchanged, did not occur at 1400°C in the directionally
solidified Cr-Cr3Si alloy. Figure 4-5 shows the coarsening of lamellae driven by surface
tension (at fault plane) is also operative. Surface tension at points A and B (Fig. 4-5a) are
unbalanced and the resultant effect is such that A and B approach each other and merge
(Fig. 4-5b). When points A and B are displaced from their initial positions, perturbations
are created along the width of the plate (Fig. 4-5b). These perturbations are not
microscopically smooth and have sharp crests where the surface tensions are not balanced
resulting in more perturbations with increasing time.
4.3 Shape instabilities in directionally solidified Cr-Cr3Si lamellar structure:
Experimental observations
The directionally solidified Cr-Cr3Si alloy exhibited shape instabilities on
annealing as shown in Fig. 4-2d and Fig. 4-6a, b, c. On annealing, the number of
terminations in the alloy increased (Fig. 4-2c and d), indicating that splitting of lamellae
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B
A

C

D

Figure 4-4. Transverse section of directionally solidified Cr-Cr3Si after annealing at
1400°C for 289 h shows that continuous coarsening is an operative mechanism of
coarsening.
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Figure 4-5. At points A and B surface tensions are not balanced and hence they move
towards each other resulting in merging of plates as shown in (b).
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Ridge

Groove

Cylinder

Figure 4-6. Instability leading to splitting of plates (a) Cylinder and ridge formed due to
splitting at fault planes and termination recession, (b) and (c) spherodization.
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occurred at fault planes and morphologies different from plate (Fig. 4-2d and Fig. 4-6a),
which were absent in the directionally solidified structure were seen. Splitting of lamellae
at a fault plane occurs when the curvature changes significantly across it. Figure 4-6a
shows a groove, which because of curvature change across the fault plane deepens,
resulting in splitting of lamellae. Diffusion during splitting apparently occurs along the
interface, as there was no change in the thickness of adjacent plates. Splitting at fault
planes could result in terminations (Fig. 4-2 d), cylinders (Fig. 4-6a) or plates of small
aspect ratio (Fig. 4-2c) depending on the length of the lamellae between them.
Rayleigh instability by which a particle breaks up into a row of sphere occurs in
the directionally solidified Cr-Cr3Si system. In lamellar eutectics, Rayleigh instability
occurs in regions where the eutectic phases exhibit curvature (i.e. terminations) and is
preceded by the ridge formation due to termination recession. Terminations and ridges
have positive curvature and are not stable with respect to longitudinal perturbations. The
perturbations, aided by termination recession [11], grow with time, leading to formation
of spheres. Figure 4-6 shows a ridge formed, probably because of termination recession.
Figures 4-6b and c show stages of lamellae break up into spheres due to perturbation
growth, at 1400°C in the longitudinal section of directionally solidified Cr-Cr3Si after
annealing.

Other shape instabilities such as direct cylindrization, grain boundary

splitting, ovulation, and longitudinal boundaries [11] did not occur in this system.
4.4 Conclusion
Directionally solidified Cr-Cr3Si eutectic alloy did not coarsen at 1400ْ C for
times to 289 h. Continuous coarsening is an operative mechanism while discontinuous
coarsening is not an operative mechanism of coarsening at 1400°C. Lamellae splitting
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occurred when there was a significant change in curvature (sign) at fault planes. Shape
instability such as Rayleigh instability (edge spherodization) also occurs in this eutectic
system.
Directionally solidified Cr-Cr3Si alloy coarsens significantly more slowly than
drop cast Cr-Cr3Si eutectic alloys because of one or more of the following reasons: (1)
smaller driving force in the directionally solidified alloy because of larger interlamellar
spacing (2) absence of curvature (3) smaller number of growth defects and (4) lower
magnitude of residual stresses because of slower solidification rate (5) formation of low
energy interfaces during directional solidification.
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Part Five: Thermal Stability of Directionally Solidified NiAl-Mo Fibrous
Eutectic Alloys
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5.1 Microstructure of directionally solidified NiAl-Mo+B alloy
The eutectic system NiAl-Mo exhibits fibrous microstructure and the effect of
solidification parameters on the microstructure was studied by Bei et al [1]. The effect
of B (0.01 at%) on the microstructure of NiAl-Mo was studied here by directional
solidification of NiAl-Mo+B (NiAl-Mo-0.01% B) alloy at different growth speeds.
Figure 5-1 shows the directionally solidified microstructure of NiAl-Mo+B alloy grown
at 20, 30, 50 and 60 mm/h and 60 rpm. Adding 100 ppm of B to NiAl-Mo decreases the
range of growth speed for which fibrous eutectic structure could be obtained. A wellaligned fibrous microstructure was obtained only for speeds to 50 mm/h while a fibrous
microstructure of in the boron free alloy can be obtained even at 160 mm/h [2]. A cellular
microstructure of NiAl-Mo+B alloy was formed at 60 mm/h suggesting that the growth
speed at which the eutectic to cellular microstructure transition occurs is between 50 and
60 mm/h at 60 rpm. According to the theory of constitutional supercooling, a cellular
structure is formed when the solid-liquid interface is non-planar which occurs if
GL ! mL (C E ! C0 )
"
R
D

(5.1)

where GL is the temperature gradient in the liquid ahead of the interface, mL is the slope
of the liquidus, CE is the eutectic composition, C0 is the initial composition of the
solidifying alloy, D is solution diffusion coefficient [3-4] and R is the growth speed. For a
given directional solidification system and a given growth rate, the left hand side is
constant which implies that

' ! mL (CE ! C0 )$
' ! mL (CE ! C0 )$
(5.2)
(%
%
"
"
D
D
&
# NiAl ! Mo &
# NiAl ! Mo + B
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(a)

(b)

(c)

(d)

Figure 5-1. Effect of growth rate on the microstructure of NiAl-Mo+B (a) 20 mm/h (b)
30 mm/h (c) 50 mm/h (d) 60 mm/h. Well aligned fibrous structure was obtained to 50
mm/h. Cellular structure was formed at 60 mm/h.
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Since the amount of B added is very small (100 ppm) it may be assumed that C0 and D
for the two alloys to be equal and eq. 5-2 reduces to

(mL CE )NiAl !Mo > (mL CE )NiAl !Mo+B

(5-3).

Figure 5-2 and 5-3 show the effects of B on the fiber spacing (λ) and fiber size
(a) in comparision with that of the undoped NiAl-Mo alloy [1]. A straight-line relation
exists between interfiber spacing (λ) and the square root of growth rate (R) for the NiAlMo+B alloy much like the NiAl-Mo alloy. Under maximum growth rate conditions [3]

!2 R =

D"C 0 M & # $ # % )
+
+ = constant
1/ 2 (
2(1 + " ) ' m$ m% *

(5-4)

where M is a tabulated function of volume fraction [5], σα and σβ are surface energy
terms [6] and for fiber eutectics ! =

a
.
"#a

The inter-fiber spacing and the size of the Mo fibers in the boron - doped alloy are
large

compared

to

those

(mL )NiAl !Mo > (mL )NiAl !Mo+B

of

un-doped

NiAl-Mo,

this

suggests

may

be

(from eq. 5-3 and eq. 5-4). The cross sectional shape of Mo

fibers is square and is not affected by addition of B. Orientation imaging microscopic
analysis of EBSD patterns showed that in NiAl-Mo the growth direction is [100]NiAl //
[100]Mo and the interfaces are made up of (110) planes and is the same as reported by Bei
and George [1].
5.2 Thermal stability of directionally solidified NiAl-Mo and NiAl-Mo+B
Coarsening in fiber eutectics can occur by 2-D coarsening [7] and/ or by fault
migration and annihilation [8]. 2-D coarsening is analogous to 3-D coarsening of
spherical particles (Ostwald ripening) and the kinetics is represented by eq. 1-5. The
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Figure 5-2. Effect of growth rate on the average inter-fiber spacing of Mo fibers in
NiAl-Mo+B and NiAl-Mo. Data for the NiAl-Mo alloy were taken from Bei and George
[1].
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Figure 5-3. Effect of growth rate on the fiber size in NiAl-Mo+B and NiAl-Mo. Data for
the NiAl-Mo alloy were taken from Bei and George [1].
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diffusion for this process occurs radially through the matrix with the fiber thickness
remaining constant along the length. In the case of fault migration and annihilation,
diffusion can take place either through the matrix or along the interface. Since solubility
of Mo in NiAl is ~ 0% [1] coarsening of Mo fibers is expected to occur only by fault
migration and annihilation. For a random distribution of faults, the differential equation
describing coarsening by fault migration and annihilation is [8]

!N
$ t & N " NT
= "kNn 0 exp " "
% #'
!t
#

(5-5)

where N is the fiber density (total number of fibers per unit area) on the transverse
section, NT is the number of continuous fibers, n0 is number of faults per unit volume in
the initial microstructure, τ is the time taken for faults to annihilate which depends on the
fault length and k is a constant. The empirical solution of eq. 5-5 is an exponential
function:

N = N 0 exp(!Kt )

(5-6)

K (rate constant) = f (n0, τ), N0 = initial fiber density, t = time
when N 0 >> N

T

, and ! is a variable

N = N 0 (1 + K ' tn 0 )

!2

(5-7).

Directionally solidified NiAl-Mo and NiAl-Mo+B alloys (40 mm/h and 60 rpm)
were annealed at 1400°C for times to 400 h. Figure 5-4 shows growth faults in the
longitudinal sections of directionally solidified NiAl-Mo and NiAl-Mo+B. It can be seen
that faults of different lengths are present in the microstructure of both the alloys i.e. τ is
a variable. The microstructures of as-grown and annealed NiAl-Mo and NiAl-Mo+B
specimens are shown in Fig. 5-5, 5-6. The Mo fibers embedded in the NiAl matrix
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(a)

Growth Faults

(b)

Figure 5-4. Longitudinal sections of (a) NiAl-Mo (b) NiAl-Mo+B directionally solidified
at 40 mm/h and 60 rpm. Faults of varying lengths are present in each of these alloys.
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(a)

(b)

Figure 5-5. Microstructure of directionally solidified NiAl-Mo (a) before annealing (b)
after annealing for 400 h at 1400˚C.
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(a)

(b)

Figure 5-6. Microstructure of directionally solidified NiAl-Mo+B (a) before annealing
(b) after annealing for 400 h at 1400˚C.
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coarsened and their density decreased on annealing. On annealing these alloys (1) the
average size of Mo fibers increased (coarsened) with time, (2) the number of Mo fibers
decreased with time and (3) morphology of Mo fibers changed from square to an
irregular shape during coarsening with some fibers re-attaining their square shape after a
long time (Fig. 5-6b). Figures 5-7 and 5-8 shows the probability distribution of Mo fiber
size (radius) normalized with respect to the average radius <r> of the fibers, as a
function of annealing time. The radius, r of Mo fibers was taken as half of Feret’s
diameter. The initial distribution of Mo fibers is normal in both the alloys. It can be seen
that a steady state radius distribution was not attained upon annealing (Fig. 5-7 and 5-8)
at 1400°C and hence, the coarsening kinetics cannot be described accurately based on
statistical self-similarity hypothesis i.e. eq. 1-5. Therefore, the equations 5-6 and 5-7
derived based on fault migration and annihilation mechanism, were used to determine
coarsening rate of NiAl-Mo and NiAl-Mo+B alloys.
Coarsening rate was obtained by plotting the Mo fiber density (number of
fibers per unit area) in NiAl-Mo and NiAl-Mo+B alloys measured on a transverse section
as a function of annealing time. Best fit was obtained for an exponential curve (Fig. 5-9)
suggesting NT << N0. The coarsening rate of NiAl-Mo+B alloy is lower than that of NiAlMo alloy probably because of smaller fault density (n0λ =constant [9] and for a given
growth rate λNiAl-Mo< λNiAl-Mo+B) and larger τ (time taken for faults to annihilate).
Figures 5-10 and 5-11 show the longitudinal sections of these
alloys after annealing. Molybdenum fibers embedded in the NiAl matrix are stable with
respect to longitudinal perturbations and did not breakup into a row of spheres (Rayleigh
instability). This is because a hill and valley structure is unstable and flattens if the Wulff
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Figure 5-7. Molybdenum fiber size distribution shown as the frequency of occurrence of
a fiber of reduced radius (r/<r>) in NiAl-Mo as a function of annealing time.

71

Figure 5-8. Molybdenum fiber size distribution shown as the frequency of occurrence of
a fiber of reduced radius (r/<r>) in NiAl-Mo+B as a function of annealing time.

72

60
2

N=39.097exp(-0.0022676t) R2=0.99128

50

-10

-2

N(fiber density)*10 (m )

N=57.821exp(-0.0029704t) R =0.98856

40

NiAl-Mo

30
NiAl-Mo+B

20

10

0

100

200
300
Time (h)

400

500

Figure 5-9. Coarsening of Mo fibers in NiAl-Mo and NiAl-Mo+B occur by fault
migration and annihilation.
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(a)

(b)
Figure 5-7. Average size of Mo fibers as a function of time.

Figure 5-10. Longitudinal sections of directionally solidified NiAl-Mo alloy after
annealing at 1400° C for (a) 324 h (b) 400 h.
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(a)

(b)

Figure 5-11. Longitudinal sections of directionally solidified NiAl-Mo+B alloy after
annealing at 1400° C for (a) 196 h (b) 400 h.
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plot has cusps (anisotropic interfacial energy). The terminations of the Mo fibers have
become thin on annealing and tapered in length (Fig. 5-10 and 5-11). This suggests that
interfacial diffusion is responsible for mass transport because when diffusion takes place
in the matrix, the size of the terminations is expected to be the same due to the symmetry
of the diffusion field. For a constant volume fraction of fibers

A(t)N = A0 N 0 = constant

(5-8)

A(t) = A0 exp(Kt) (if eq. 5-6 is true) or

(5-9)

A(t) = A0 (1 + K ' tn 0 ) 2 (if eq. 5-7 is true)

(5-10)

where A(t) = average area of the Mo fibers after annealing for time t.
Figure 5-12 shows a plot of the average area of Mo fibers measured as a function of
annealing time. Best fit was obtained for an exponential curve, which confirms that
coarsening in NiAl-Mo and NiAl-Mo+B eutectic alloys occurs by fault migration and
annihilation and NT << N.
5.3 Conclusion
Boron decreases the range of growth speeds for which a well-aligned fibrous
microstructure of NiAl-Mo can be obtained. The alloy NiAl-Mo+B exhibits cellular
microstructure at 60 mm/h and 60 rpm and a well-aligned fibrous microstructure for
growth speeds of 50 mm/h or less. The size and spacing of the Mo fibers is larger and the
fiber density is smaller in the NiAl-Mo+B alloy as compared to the undoped NiAl-Mo
alloy. The cross sectional shape of the Mo fibers is not affected by addition of boron.
Coarsening of NiAl-Mo eutectic system occurs by fault migration and annihilation.
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The fiber density decreases exponentially and the coarsening rate of the NiAl-Mo+B
alloy is smaller than the NiAl-Mo alloy probably because of smaller fault density and
larger τ. Molybdenum fibers are stable with respect to longitudinal perturbations and do
not break into a row of spheres (Rayleigh instability). Tapering of terminations suggests
that diffusion occurs along the interfaces as expected.
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Figure 5-12. Average area of Mo fibers in NiAl-Mo and NiAl-Mo+B increases
exponentially with time on annealing.
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Part Six: X-ray Energy Dispersive Spectroscopy (XEDS) of Cr-Cr3Si+Ce, CrCr3Si+Re and Electron Energy Loss Spectroscopy (EELS) of NiAl-Mo+B
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Microalloying additions of Ce and Re were made to the Cr-Cr3Si eutectic alloy
and, B to the NiAl-Mo eutectic alloy, to increase their microstructural stability, by
decreasing the total driving force for degradation by decreasing the total interfacial free
energy due to segregation. Cerium and Re have large atomic radius as compared to Cr
and Si and B has very low solubility in Mo and ~ 0% NiAl. In order to minimize their
energies these elements are expected to segregate to the interphase boundaries where
there is greater free volume available per atom as compared to the interior regions of
these phases. The conditions for the simplest Gibbs type segregation (equilibrium
segregation) [1] to a grain boundary (which we consider to be analogous to our interphase
boundaries) can be represented by the equation

Cb
!E #
= exp b
" kT $
Cg

(6.1)

where Cb/Cg is the enrichment factor describing the ratio of the segregant concentration
in the GB plane to that in the grain, Eb the binding energy of the segregant to the grain
boundary, and kT is the product of Boltzmann’s constant and absolute temperature.
Hence a monolayer of segregant might be expected to form if enough impurity were
present and if sufficient thermal energy was available to allow them to reach the
boundary. Spectroscopic methods such as X-ray energy dispersive spectroscopy (XEDS)
and electron energy loss spectroscopy (EELS) were used to qualitatively study the
segregation of Ce and Re to Cr/Cr3Si interphase boundaries and B to NiAl/Mo
boundaries. The minimum amount that could be detected by these methods is ~0.1 wt%.
Even though the nominal composition of Ce and Re in Cr-Cr3Si and B in NiAl-Mo is less
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than this value, their concentrations at the interphase boundaries might be high enough,
by virtue of eq. 6.1, to be detected.
6.1 XEDS and EELS: Principle
An electron beam traversing a thin specimen can lose energy due to inelastic
scattering. An important component of inelastic scattering is inner shell ionization in
which the beam of electrons transfers sufficient energy to knock a bound electron (K, L,
M, N shell electrons) outside the attractive field of the nucleus and give up a part of its
energy (equal to the ionization energy of the atom). X-ray energy dispersive spectroscopy
(XEDS) deals with the analysis of the characteristic X-rays emitted when the ionized
atoms return to the ground state and electron energy loss spectroscopy (EELS) deals with
the analysis of the energy lost by the incident electron beam. Thus XEDS and EELS are
different aspects of the same phenomenon (inelastic scattering of incident electrons) and
provide information on the elements present in the analyzed specimen.
6.2 X-Ray energy dispersive spectroscopy of drop cast Cr-Cr3Si+Ce and CrCr3Si+Re alloys
X-ray energy dispersive spectroscopy of Cr-Cr3Si+Ce and Cr-Cr3Si+Re was
performed in a CM 200 transmission electron microscope (TEM) equipped with a Si(Li)
in a prepumped tube with a Be window. The TEM was operated at a voltage of 200 kV
with a beam size of ~5 nm. Figure 6-1 shows TEM images of drop cast Cr-Cr3Si+Ce and
Cr-Cr3Si+Re alloys. The dark phase is Cr solid solution and the lighter phase is Cr3Si.
Figures 6-2 to 6-4 shows X-ray spectra acquired from points in the Cr phase, the
interface, and the Cr3Si phase respectively in the Cr-Cr3Si+Ce specimen.

82

Cr

Cr3Si

Figure 6-1. TEM images of (a) Cr-Cr3Si+Ce (b) Cr-Cr3Si+Re.
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Figure 6-2. X-ray energy dispersive spectrum from Cr solid solution in Cr-Cr3Si+Ce.
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Figure 6-3. X-ray energy dispersive spectrum from Cr/Cr3Si interface in Cr-Cr3Si+Ce.
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Figure 6-4. X-ray energy dispersive spectrum from Cr3Si in Cr-Cr3Si+Ce.
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The spectra were analyzed for X-ray energies from 0-10 keV. Since the energies
of the K lines of Ce > 10 keV its K peak is not seen in the spectra. Figures 6-2 and 6-3
shows a Ce Mα peak in the spectra acquired from the Cr solid solution and the interface,
while no such peak can be seen in the spectra obtained from the Cr3Si phase (Fig. 6-4).
This suggests that Ce is present in the Cr solid solution and possibly at the interface too.
Chromium Kα “escape” peak and the Cr Lα + Si Kα “sum peak” are also present in the
spectrum. An escape peak appears in the spectrum when characteristic X-ray’s of
elements present in the sample fluoresces Si Kα X-ray (1.74 keV) in the Si(Li) detector. A
sum peak appears in the spectrum when two photons (Cr Lα and Si Kα) of different
energies strike the detector almost at the same time and the analyzer registers an energy
equal to the combined energy of the two photons.
Figures 6-5 to 6-7 show the X-ray spectra obtained from an area in the Cr solid
solution, across the interface and in the Cr3Si regions of the Cr-Cr3Si+Re specimen. The
energies of the Re K lines and Lβ line are > 10 keV and cannot be seen in the spectra.
However no Re Lα peak was obtained and the Re M line overlaps with the Si Kα lines and
hence the presence Re could not be ascertained. As in the XED spectra of Cr-Cr3Si+Ce
alloy, the Cr Lα + Si Kα “sum peak” and Cr Kα “escape peak” were also present.
6.3 Electron energy loss spectroscopy of NiAl-Mo+B
The Be window in the EDS detector absorbs all characteristic X-rays emitted by
elements with atomic number lower than Na. For this reason analysis of elements such as
B was done using EELS. The CM 200 transmission electron microscope used for XEDS
analysis of Cr-Cr3Si+Ce and Cr-Cr3Si+Re is also equipped with a magnetic prism
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Figure 6-5. X-ray energy dispersive spectrum from Cr solid solution in Cr-Cr3Si+Re.
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Figure 6-6. X-ray energy dispersive spectrum from Cr/Cr3Si interface in Cr-Cr3Si+Re.
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Figure 6-7. X-ray energy dispersive spectrum from Cr3Si in Cr-Cr3Si+Re.
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spectrometer which was used to analyze the electron energy loss energy spectrum. The
resolving power of magnetic prism spectrometer is 1eV even when the incident electron
energy is 400 keV. Electron energy loss spectroscopy works best when the incident
electron energy is 400 keV. Electron energy loss spectroscopy works best when it
represents a single scattering event and the condition is approached for very thin
specimens. In practice most specimens are thicker than ideal and so acquire plural
scattering spectra are obtained. This makes it difficult to detect elements that are present
in small concentrations.
Figure 6-8 shows a TEM image of the NiAl-Mo+B specimen. Electron energy
loss spectra of the NiAl-Mo specimen were acquired from a region across the NiAl/Mo
interface along a straight line. Figures 6.9-6.11 show the spectra corresponding to points
in the Mo fibers, Mo/NiAl interface and the matrix NiAl. The spectra corresponding to
the Mo fiber and the interface show no B peak but contain a carbon peak (possibly due to
contamination of the specimen by the electrolyte used for TEM specimen preparation). a
Mo-M3 peak and a very small Mo-M4,5 peak. The spectra from the matrix NiAl contains
only the plural scattering background and is higher than the background in the spectrum
obtained from the fiber and the interface. The inability to detect B could be because the
specimen was not thin enough to avoid multiple scattering events and the boron content
at the interface might be less than the 0.1 wt% required for detection.
6.4 Conclusion
The presence of Ce in the Cr-Cr3Si+Ce alloy was detected using XEDS while Re in
Cr-Cr3Si+Re could not be detected. Cerium is present in the Cr solid solution and at the
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Figure 6-9. Electron energy loss spectrum from Mo fiber in NiAl-Mo+B.
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Figure 6-10. Electron energy loss spectrum from Mo/NiAl interface in NiAl-Mo+B.
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Figure 6-11. Electron energy loss spectrum from NiAl matrix in NiAl-Mo+B.
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interface but not in the Cr3Si. Rhenium could not be detected because the Re M lines
overlap with the Si Kα line. Boron in NiAl-Mo+B could not be detected using EELS
probably because (a) the specimen was not thin enough to minimize multiple scattering
(b) the effective B concentration at the interface might be less than 0.1 wt%.
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Part Seven: Summary and Future Work
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Directionally solidified Cr-Cr3Si lamellar eutectic alloy did not coarsen at
1400ْ C for times to 289 h. Coarsening in drop cast Cr-Cr3Si eutectic alloys at 1200ْ C is
interface controlled. The addition of ppm levels of Ce and Re increases the thermal
stability of drop cast Cr-Cr3Si lamellar eutectic alloys with Ce being more effective than
Re in decreasing the rate constant.
Coarsening of directionally solidified NiAl-Mo occurs by fault migration
and annihilation. The fiber density decreases exponentially with time on annealing.
Adding 0.01 at% B to NiAl-Mo increases the fiber size, and spacing, and decreases the
fiber density, and the coarsening rate of Mo fibers.
Cerium is present at the Cr/Cr3Si interface in the drop cast alloys and also
in the Cr solid solution. Rhenium and B could not be detected using XEDS and EELS
respectively and more spatially resolved techniques such as atom probe tomography are
required. The effect of residual stress on the coarsening rate in these alloys is unknown
and needs to be studied.
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